Introduction
Pituitary adenomas are almost always benign (>99.9%), arise from the anterior pituitary and account for approximately 15% of all intra-cranial tumours. 1, 2 The majority of these adenomas show no local invasion of bone, cavernous sinus or vascular encasement and malignant transformation and metastases are extremely rare (0.2% of all adenoma cases). 2, 3 Pituitary adenomas can be divided into microadenomas (< 1 cm) or macroadenomas (> 1 cm) according to their widest diameter. 1, 4 The prevalence of pituitary adenomas in the general population has been reported to be 10%-27%, with macroadenomas considerably lower at 0.2%. 5 Macroadenomas are predominantly non-functioning (> 80%), 5, 6 that is, there is no clinical and biochemical evidence of pituitary hormonal overproduction and serum prolactin levels of ≤ 100 ng/mL are required for classification as such. 1, 5 Non-functioning pituitary macroadenomas (NFMA) are the most prevalent pituitary neoplasm and their growth is haphazard with lobulation. 7 Growth normally occurs through the diaphragma sellae into the suprasellar cistern with a characteristic 'snowman' appearance. 1 Clinically, patients present with visual field defects, headache or hypopituitarism due to NFMA mass effect on surrounding structures. 2, 4, 5 It is well accepted that once visual disturbances are present, transsphenoidal surgery is required to prevent blindness. 6, 8 Although up to 80% of Background: Benign non-functioning pituitary macroadenomas (NFMA) often cause mass effect on the optic chiasm necessitating transsphenoidal surgery to prevent blindness. However, surgery is complicated and there is a high tumour recurrence rate. Currently, very little is known about the natural (and residual post-surgical) growth patterns of these NFMA. Conflicting data describe decreased growth to exponential growth over various time periods. Due to lack of information on growth dynamics of these NFMA, suitable follow-up imaging protocols have not been described to date.
Objective: To determine if NFMA grow or stay quiescent over a time period using serial MRI investigations and a stereological method to determine tumour volume. In addition, to evaluate if NFMA adhere to a certain growth pattern or grow at random.
Method: Thirteen patients with NFMA had serial MRI investigations over a 73-month period at the Universitas Academic Hospital. Six of the selected patients had undergone previous surgery, while seven patients had received no medical or surgical intervention. By using a stereological method, tumour volumes were calculated and plotted over time to demonstrate growth curves. The data were then fitted to tumour growth models already described in literature in order to obtain the best fit by calculating the r 2 value.
Results:
Positive tumour growth was demonstrated in all cases. Tumour growth patterns of nine patients best fitted the exponential growth curve while the growth patterns of three patients best fitted the logistic growth curve. The remaining patient demonstrated a linear growth pattern.
Conclusion:
A specific growth model best described tumour growth observed in non-surgical and surgical cases. If follow-up imaging confirms positive growth, future growth can be predicted by extrapolation. This information can then be used to determine the relevant follow-up-imaging interval in each individual patient.
Investigation of the growth patterns of non-functioning pituitary macroadenomas using volumetric assessments on serial MRI investigations
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patients experience significant visual improvement postsurgery, 6, 8 it is a technically difficult procedure with a high tumour recurrence rate of 12%-46%. 4, 5 Multi-lobulated macroadenomas with vertical suprasellar expansion are less likely to be totally removed than round tumours. 9 Apoplexy is another possible complication seen in approximately 5% of cases. 10 It is defined as infarct or haemorrhage in the pituitary gland, most likely due to alterations in perfusion pressure. 2, 10 Incidentally detected pituitary adenomas represent 20%-40% of all NFMA. 3, 7 Asymptomatic non-functioning macroadenomas incidentally found on imaging pose a treatment dilemma. In the absence of visual symptoms, the neurosurgeon may opt for an expectant approach although complications like apoplexy, blindness and hypopituitarism may occur. 5 In addition, the time interval between imaging and performing surgery on these patients remains unclear. 8 A meta-analysis by Ezzat et al. found that the prevalence of pituitary adenomas is 14.4% in autopsy studies and 22.5% in radiological studies.
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Due to uncertainty regarding growth of pituitary adenomas, various authors have attempted to study their growth over a selected time period. In a series of pituitary adenomas detected incidentally, Donovan and Corenblum, 7 found positive growth in 4 of 16 large tumours (> 1 cm in height) but no growth in 15 tumours smaller than 1 cm in height over 6.1 and 6.7 years, respectively. This suggests that a small percentage show considerable growth but the majority remain stable. Tumour enlargement thus seems more predominant in macroadenomas compared with microadenomas. 11 Reincke et al. 12 also noted an increase in tumour height in three of 14 incidentalomas monitored over 22 months. Average tumour height was 13 mm with a range of 5 to 25 mm in diameter.
Dekkers et al. 8 investigated the natural growth course of NFMA. Growth was defined as a 0.01 cm increase in size in any direction and positive growth was shown in 14 of the 28 cases. They used an ellipsoid formula to approximate tumour volume but unfortunately this method does not allow for the measurement of irregular edges. In addition, a spontaneous decrease in tumour volume was reported in 29% of patients.
Growth of postoperative residual adenomas has also been studied. Turner et al. 13 observed tumour regrowth in 21 of 65 patients over a 76-month follow-up period.
However, in all of the mentioned studies; however, heterogeneous criteria were used for defining tumour growth. Tumour height was seen as the most important predictor of optic chiasm compression resulting in calculations based on tumour height only. 3 Other authors calculated initial and end tumour volumes with no description of the actual growth pattern. Thus, these studies failed to provide suitable quantitative information on the actual growth velocity of pituitary macroadenomas.
Tanaka et al.
14 used the first volumetric assessment technique to calculate tumour volume by scanning the tumour outline on a computer. Regrowth was seen in 38 of 40 residual postsurgical tumours mostly in an exponential fashion.
Honneger et al. 11 performed the first quantitative assessment of growth on incidentalomas in post-surgical cases. They used the stereological method to calculate tumour volume based on calculating tumour area on each contiguous slice. They found statistically significant exponential tumour growth in the majority of cases which enabled them to suggest a follow-up imaging protocol for patients.
Based on the results from studies done to date, the stereological method is the most accurate way to assess tumour volumes on imaging because it accommodates the haphazard growth often observed.
In this study, the NFMA growth pattern and rate was determined in a South African population using the stereological method used by Honneger et al. 11 Measurements were, however, taken in two planes from thin MRI slices to increase measurement accuracy. The growth patterns observed were then fitted to mathematical growth models described in literature.
Research method and design
Approval was obtained from the University of the Free State Ethics Committee as well as the National Health Research Database in the Free State prior to study commencement.
Retrospective data were collected from patients who received follow-up MRIs between 29 October 2008 and 10 November 2014 at the Universitas Academic Hospital in Bloemfontein. Suitable cases were chosen from the information available from 46 patients on the database. Informed consent was therefore not required for this study. Subjects were assigned random numbers and are referred to as such.
Patient selection was based on benign macroadenoma appearance on imaging regardless of age, race or sex. Histological confirmation of pituitary macroadenoma was required in post-surgical cases. NFMA also had to be classified as non-functional in order to ensure that dopamine antagonists were not concomitantly used, which might have caused a decrease in tumour size. Potential patients were therefore required to have a baseline serum prolactin level of below 100 ng/mL and these results were obtained from the University National Health Laboratory Service (NHLS).
Serial MRI investigations of 13 patients (3 women and 10 men) from the age of 25 years to 69 years who had all the necessary evaluations done according to the above criteria, were studied over a 73-month period. Vertical tumour measurement had to be more than 1 cm and all patients had received between three and six serial MRI investigations.
Six of these patients had undergone initial adenoma surgery, and only follow-up imaging was used for calculations. Post-surgery imaging was typically done within 3 months after the initial procedure. The remaining seven patients had received no medical or surgical intervention. The decision to withhold surgery was made by the managing clinicians and reasons included patients declining surgery, carotid artery encasement and poor anaesthetic risk. Patients with apoplexy were excluded as this could have influenced tumour volume.
The average tumour volume was calculated from the measurements in two planes (sagittal and coronal). The primary researcher did the measurements on two separate occasions under the direct supervision of a neuroradiologist. The average of these two values was then used to calculate the in-depth volumetric assessment according to the stereological model.
Materials
All MRI investigations were obtained with a 1.5 tesla MRI machine (General Electric, Signa Dual Gradient, Milwaukee, USA).
Procedure
Thin MRI slices in the coronal and sagittal planes were studied in all cases. All patients received intravenous gadolinium at a dose of 0.2 mL/kg.
A standard imaging protocol was used for all patients:
• Field of view = 20 mm A stereological method was used to obtain tumour volumes in both sagittal and coronal planes. Tumour edges were outlined by free-hand on each slice and then the respective two-dimensional area was calculated using an imaging processing software program (Isite) available on the Patient Archive and Communication System (PACS). Tumour volume was calculated on standard radiology reporting monitors.
Tumour area (measured in cm 2 ) on each slice was then multiplied by the sum of the slice thickness and the intervening gap to calculate the volume of one slice. All values were then added to estimate the total tumour volume for each serial MRI investigation. All tumour volumes were measured in cm 3 and all time periods were recorded in days.
The data were captured into Microsoft Excel before submission to the Department of Biostatistics for further statistical analysis.
Analyses
Average tumour volume of the sagittal and coronal planes was plotted using at least four consecutive data points and fitted to the following three established mathematical models:
• Logistic: Initially exponential growth followed by a linear growth phase and finally approaching a constant plateau.
• Exponential: During a period of time there is a constant percentage increase in tumour volume.
• Linear: Constant increase in tumour volume.
The 'goodness of fit' was obtained by calculating the square of the correlation coefficient (r 2 value). For patients with insufficient data points, the r 2 value could not be calculated. Growth was nonetheless described based on the shape of the observed curve when plotted using the available points. All subjects demonstrated positive tumour growth over the observation period (Table 1 ). The initial measured median tumour volume was 11.96 cm 3 compared to an end median volume of 19.00 cm 3 after the 73-month period.
Results
In nine cases, NFMA growth was best demonstrated by an exponential curve. Of these, three had sufficient data points to calculate the r 2 value. Higher r 2 values for the exponential model (mean r 2 = 0.99) were found compared with the logistic model (mean r 2 = 0.95). No statistical significance was found when comparing the exponential to the logistic growth patterns (p = 0.06). Observed growth that best fitted the exponential model had an r 2 value of 0.97 (Figure 3) . Of the nine cases, three had received surgery and six had been treated conservatively. The initial mean volume was 16.24 cm 3 (±10.15) and end volume was 25.69 cm 3 (±16.03). The minimum initial tumour volume was 2.68 cm 3 and maximum tumour end volume was 52.08 cm 3 .
The logistic model best described three cases, with only two patients having sufficient data points to calculate the r Only one case exhibited a linear trend; however, there were insufficient data points to calculate the r 2 value. This patient had received surgical intervention. Initial tumour volume was 2.35 cm 3 , and end volume was 7.01 cm 3 .
In adherence to exponential growth, the five largest tumours, with an initial calculated volumes of more than 15 cm 
Discussion
Mathematical modelling has been applied to describe growth of other tumours in literature. Experimental tumour paradigms of malignant and rapidly growing tumours typically adhere to a sigmoidal curve ( Figure 5 ). This is described as the logistic mathematical model: an exponential phase followed by a linear phase and lastly, a plateau phase.
Final deceleration is likely due to impaired blood supply with central necrosis and restricted growth in the peripheral regions. 11 However, in contrast to malignant tumours, NFMA are benign, homogenous and solid, and it is hypothesised that they should show stable growth behaviour. If the entire volume of a solid tumour grows at a constant rate, exponential tumour growth would be expected resulting in a constant tumour volume doubling time.
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All the patients in this study showed an increase in tumour volume over time. It seems that when volumetric assessment is applied on high quality imaging, the incidence of growth is much higher compared with previous studies. On follow-up imaging, the tumours Note: The r 2 of 97.39% adheres to the best fit of the exponential growth pattern. often appeared unchanged in size only to find a significant volume increase after the necessary calculations. This contrasts the spontaneous decrease in tumour volume reported in 29% of patients in the study by Dekker et al.
A decrease in volume is, however, highly improbable due to the solid nature of these tumours.
No clear trend in the tumour growth patterns could be deducted for conservatively treated adenomas versus postsurgical cases or in different age groups.
Observations of this study were similar to those of Honegger et al., 11 with the majority of cases (69%) adhering to the exponential growth model. In the five cases with enough data points, high r 2 values for the exponential and logistic models were obtained, but the p-value was not statistically significant to classify growth into a specific model. In cases with insufficient data points, the graph trend was used to classify growth to a specific growth model.
Larger initial mean NFMA (16.24 cm 3 ) tend to show exponential growth when compared with smaller tumours (2.33 cm 3 ), which exhibited logistic growth. On an individual case level, however, initial tumour size cannot be used to accurately determine the growth velocity or pattern (e.g. patient 1 who demonstrated exponential NFMA growth had an initial tumour volume of 2.68 cm 3 , and patient 2 who showed logistic NFMA growth had an initial volume of 5.54 cm 3 ).
The hypothesis that adenomas with an exponential pattern would eventually follow a logistic growth pattern could not be determined due to the fixed observation period.
One patient demonstrated adherence to the linear model; however, it can be postulated that the NFMA might have been in the linear growth phase of the logistic model.
These results demonstrate that if there is a significant increase in growth at first follow-up, exponential or logistic growth can be expected in future. If no increase in growth is found, it is unlikely that the tumour will grow rapidly in the near future. Once the individual patient trends are established, appropriate and effective treatment can be prescribed for these patients, which includes a follow-up MRI-protocol tailored for each individual.
Limitations of the study
The lack of long-term follow-up due to the fixed observation period was seen as a study limitation. As a result, the possibility that these benign tumours would eventually demonstrate logistic growth could not be determined.
Conclusion
Based on these results, it can be recommended that radiologists calculate tumour volume using this stereological method on serial MRI imaging to determine the growth rate.
In conjunction with imaging, regular follow-up regarding ophthalmology evaluation and hormonal assessment is advised.
This insight into the growth dynamics of NFMA may facilitate the development of a tailored follow-up imaging protocol for patients with either incidentalomas or post-surgical NFMA. This may reduce healthcare expenses by allowing an individualised rational treatment plan.
